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Abstract 
Sustainable Manufacturing (SM) requires strategic attention in today’s competitive environment owing to dependence of many 
organizations on natural resources along with generation of wastes and environmental pollution. The adoption of SM in itself 
poses huge challenge for the practitioners since the extant literature does not provide a standard framework for the 
implementation of the same. It has thus become the need of the time for the manufacturers to pursue production activities, which 
internalizes negative environmental externalities while maximizing business goals and socio-economic benefits. Typically, 
manufacturing processes can broadly be classified into five categories such as such as casting, forming, powder metallurgy, 
joining and machining. 
     The study focuses on machining group wherein; the interdependencies of different sustainable machining parameters are 
examined in the context of milling and turning machining processes. In order to ensure competitiveness in the field of 
manufacturing, there must be a balance between economic, environmental and social dimensions. Hence, a complex web of 
interdependencies is formed in between the parameters affecting the end result of a metal cutting process form. In this work, a 
structure on the network of parameters has been imposed by applying graph-based modularity analysis. The understanding in 
form of parameterized relationships between various interacting factors helps in the application of powerful heuristic tools such 
as expert systems to be implemented. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of XVIII Annual International Conference of the Society of 
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Keywords:Sustainable Manufacturing; Graph Theory; Interdependency; Machining Processes; Milling and Turning. 
1. Introduction 
Manufacturing performance is critical to the success of many firms. Superior performance leads to the 
competitiveness. In order to stay competitive, manufacturing companies must regularly evaluate their performance. 
 2015 The Authors. Published by Elsevi r Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
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Thus, it is vital for manufacturing companies to identify and ensure good performance in the global competition 
(Amrina & Yusof, 2011). The increasing concern for sustainability due to the continuous utilization of non-
renewable resources at large scales, has urged for adopting sustainable manufacturing activities (Moneim, Galal, & 
El Shawky, 2013). Thus it becomes important for the organization to assess their level of sustainability in order to 
improve it further and become more sustainable. 
The National Manufacturing Competitiveness Council (NMCC) has been set up by the Government of India to 
provide a continuing forum for policy dialogue to energize and sustain the growth of manufacturing industries. 
There have been huge upsurge in the talks related to sustainability practices, but the rate at which manufacturing 
industries are implementing, it is very slow. In developing economies like India, where most of the sectors in 
manufacturing are impacted by resource constraints, it becomes necessary for them to work in the direction of 
sustainability realization due to diminishing natural resources. However it becomes more of a difficult task for Small 
and Medium Enterprises (SMEs) to pursue sustainable activities because of huge investment needed and lack of 
awareness in the benefits of sustainable activities. Of late, some of the organizations have started following GRI 
(Global Reporting Initiative) guidelines to evaluate their sustainability aspects but still there is a need of more of a 
kind of comprehensive framework, which can help the organizations in assessing and further enhancing their 
sustainability performance. 
This paper focuses on machining group wherein; the interdependencies of different sustainable machining 
parameters are examined in the context of milling and turning machining processes. As discussed above, there must 
be a judicious balance between economic, environmental and social dimensions in order to ensure competitiveness 
in the field of manufacturing. In this work, a structure on the network of parameters has been imposed by applying 
graph-based modularity analysis. The understanding in form of parameterized relationships between various 
interacting factors helps in the application of powerful heuristic tools such as expert systems to be implemented. 
2. Graph Theory 
Sustainable Manufacturing is one of the most discussed issues nowadays in manufacturing industry. In order to 
enhance the sustainability of manufacturing organizations, changes must be made to the desired parameters. 
However, changing the value of one parameter from one state to the other can have multiple outcomes such as 
increasing the cutting quality can consequently lead to increased production cost. At the same time, it can raise the 
concern to improve process management related aspects. Hence, understanding the dynamics for sustainable 
manufacturing needs an advanced level of expertise in the subject. Thus, in this paper a proposal has been made to 
build a knowledge base of sustainable manufacturing parameters using a network analysis tool such as graph theory 
in order to understand the dynamics involved while analyzing variations in parameter adjustment. 
The data for the research has been collected after consulting multiple researchers through a questionnaire. They 
were asked about milling and turning machining processes. These questionnaires were collected during the month of 
September 2014.  These responses were then simplified and coded into binary matrix form, which indicates the 
directed relationships between different parameters. The Gephi Software for exploring and manipulating networks 
(Bastian, Heymann & Jacomy 2009) has been used to visualize the relationships between different parameters. 
Further, one of the most utility options being ‘Modularity Analysis’ has been conducted to identify the connections 
between different parameters and the kind of groups they form. 
Even though other approaches exist for optimizing the values of parameters to enhance sustainability but at the 
same time it is important to understand the effects between different parameters and identifying the most relevant 
parameters for further analysis. Some of the useful measures that have been considered for analyzing the network 
have been explained in the form of Table 1 as follows: 
Table 1: Measures used for analyzing the network 
S. No Measure Description 
1 Degree Distributions 
x In undirected networks: The node degree of a node n is the number of edges linked to n. A self-
loop of a node is counted like two edges for the node degree. 
x In directed networks: The In-Degree of a node n is the number of incoming edges and the Out-
Degree is the number of outgoing edges. 
x Similar to degree distribution for undirected networks, there are an in-degree distribution and an 
out-degree distribution for directed networks (Diestel, 2005). 
59 Neeraj Bhanot et al. /  Procedia - Social and Behavioral Sciences  189 ( 2015 )  57 – 63 
2 Betweenness Centrality [Cb(n)] 
x Reflects the amount of control that a node exerts over the interactions of other nodes in the 
network. 
x Favours nodes that join communities (dense sub-networks), rather than nodes that lie inside a 
community (Brandes, 2001). 
x Cb(n) of a node n is computed as follows: 
Cb(n) = ∑s≠n≠t (σst (n) / σst), 
where s and t are nodes in the network different from n, σst denotes the number of shortest paths 
from s to t, and σst (n) is the number of shortest paths from s to t that n lies on. 
3. Sustainable Manufacturing Parameters and their Inter-relationships 
A summary of selected sustainable manufacturing parameters has been provided as follows after identification from 
the literature and then suitably categorizing them into economic, environmental and social dimensions. 
3.1. Economic Dimension 
A summary of parameters from economic dimension have been presented in Table 2 as follows: 
Table 2: Summary of Economic Parameters 
S. No       Parameter Description 
1 Production Costs (PC) 
x Includes issues such as facility costs, land purchase or rent costs, raw material costs, and labour 
costs, etc. 
x Cost reduction assisted by various practices such as 5S, Value Stream Mapping (VSM), Life Cycle 
Cost Assessment (LCCA) etc. (Zhang & Haapala, 2012). 
x Widely considered parameter for modelling analysis to minimize the production cost as much as 
possible (An, 2003; Jawahir, Wanigarathne & Wang, 2006; Pušavec, Stoić & Kopač, 2010; 
Pušavec & Kopač, 2011; Shivakoti, Diyaley, Kibria & Pradhan, 2012; Shokrani, Dhokia & 
Newman, 2012; Yusup, Zain & Hashim, 2012). 
2 Cutting Quality (CQ) 
x Quality and tolerance requirements considered as most critical engineering-driven qualities 
required for the work piece to function properly (Yan & Li, 2013). 
x Requirements for product also have a significant impact on product costs, as if the requirements 
are unnecessarily high, then producing over quality in the sense of surface roughness, and the 
tolerances, tool, labour and machine costs are higher (Laakso, Peltokorpi, Ratava, Lohtander & 
Varis, 2013). 
3 Production Rate (PR) 
x Related with material removal rate and cutting conditions such as feed rate, cutting speed and 
depth of cut also have a significant impact on economics of machining operations as assessed by 
productivity etc. 
x Desirable to select optimized value of machining parameters in order to maximize the material 
removal rate or production rate (Shivakoti, Diyaley, Kibria & Pradhan 2012). 
4 Process Management (PM) 
x An approach spanning from the domain of manufacturing and operations management extended 
over to the concept of corporate sustainability (CS) and Main focus considered on performance 
measurement along with continuous improvements of existing processes to become competitive in 
market (Maletič, Maletič, Dahlgaard, Dahlgaard-Park & Gomišček, 2014). 
3.2. Environmental Dimension 
A summary of parameters from environmental dimension have been presented in Table 3 as follows: 
Table 3: Summary of Environmental Parameters 
S. No    Parameter Description 
1 Water Intensity (WI) 
x Related to consumption of water during machining processes. Water, though may not be 
consumed directly but is utilized for cooling, heating or washing. 
x Important to restore the amount of water withdrawn for industrial processes to the originating 
source else it could lead to the depletion of rivers, lakes etc. 
x Water conservation techniques such as re-utilizing the same amount of water for some other 
purposes by cleaning it once need to be considered (OECD). 
2 Energy Intensity (EI) 
x Includes consumption of energy per unit of output and source of energy considered for the 
production processes. 
x Energy production also results in depletion of non-renewable resources, generates GHGs or 
sometimes both. 
x Important issue for manufacturing organizations as even though the energy intensity of the 
world’s production processes is constantly improving, still the volume of production is 
increasing even faster, resulting in ever-increasing levels of energy consumption (OECD). 
3 Materials (ML) x Most important component of process planning and includes hazardous materials (kg/product), 
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chemicals (litres/product), raw materials (kg/product), material composition (%), packaging re-
usability (kg/product), packaging recyclability (kg/product) and distance from source 
(km/product) etc. 
x Advisable to look for suitable “type of materials” which have minimum negative 
environmental impact (Singh et al., 2007). 
4 Waste Management (WM) 
x Consider terms such as “use, reuse, recovery and recycling” for all types of manufacturing 
wastes produced during or after the manufacturing processes (Lu, Rotella, Feng, Badurdeen, 
Dillon Jr, Rouch & Jawahir, 2012). 
x Zero waste generation with no emissions into the environment for products /processes. 
x However, continual efforts are being taking place to reduce or eliminate wastes from the 
production processes (Jawahir, Wanigarathne & Wang, 2006). 
5 Environmental Regulations (ER) 
x Concerned with the regulating processing technologies of the industry and huge necessity to 
build up a framework for setting the environmental regulations for Indian manufacturing 
industries. 
x To build a framework for sustainability evaluation requires consideration on processes, 
strategies and performance currently going on in the manufacturing industries (Pandian, 
Jawahar & Nachiappan, 2013). 
3.3. Social Dimension 
A summary of parameters from social dimension have been presented in Table 4 as follows: 
Table 4: Summary of Social Parameters 
S. No  Parameter Description 
1 Worker Health (WH) 
x Related to the assessment of personnel health element considering emissions and wastes 
generated from machining operations, ultimately affecting the exposed labour. 
x Methods being practiced at only few places considering inadequacy of knowledge and 
implementation issues (Jawahir, Wanigarathne & Wang, 2006). 
2 Worker Safety (WS) 
x Broadly classified into categories being, personnel safety and work safety. 
x Operational safety considers amount of human interaction in a machining operation and the 
safety precautions provided against the unseen accidents. 
x Personnel safety considers compliance to and the proper implementation of regulatory safety 
requirements (Jawahir, Wanigarathne & Wang, 2006). 
3 Labour Relations (LR) 
x Related to labour issues, which includes mainly hourly wages, working hours, workload, 
community engagement and local employment, (Zhang & Haapala, 2012). 
x Considering current scenario, this issue has not been given due importance in majority of 
manufacturing organizations but it plays a very significant role in making the organization 
socially sustainable. 
4 Training and Education (TR) 
x Helps in improving the quality of work life, which in turn helps the organizations to achieve 
their strategic objectives. 
x Helps the workers, supervisors and managers in enhancing their skills in turn leading to 
improved productivity through regular improvements in the organizational processes. 
x Act as important tool for enhancing organizational sustainability by actively participating in 
such issues through intensive training of operators, supervisors and managers (Chandra, 2009). 
 
Table 5 presents the causal relationships between different sustainable manufacturing parameters in binary form (0 
or 1) considering milling and turning machining processes.  Researchers with designation ranging from Professor to 
Associate Professor and having expertise in the field of milling and turning machining processes from institutes of 
national repute had been interviewed in September 2014 to identify the causal relationships between concerned 
parameters. A matrix was then prepared in the form of 0-1 entries in Table 5 wherein 0 indicates no cause and effect 
relationship from left hand parameters to right hand side and 1 indicates that left hand parameters are responsible for 
changes in right hand parameters. 
Fig. 1 presents the relationship between various parameters as obtained from the Gephi software analysis. The 
analysis shows that the sustainable manufacturing parameters are divided into two groups based on modularity 
analysis. “Group I” consists of PM, PC, PR, WS, LR & TR as highlighted through light shaded region and “Group 
II” consists of CQ, ML, EI, WH, ER, WI & WM as highlighted through white region. Based on the observations, it 
can be inferred that “Group I” belongs to “Interdependency between Social & Economic Parameters” and 
“Group II” belongs to “Impact of Environmental Parameters on Workers & Machining Quality”. 
 
61 Neeraj Bhanot et al. /  Procedia - Social and Behavioral Sciences  189 ( 2015 )  57 – 63 
            Table 5: Connections between Sustainable Manufacturing Parameters 
PC CQ PR PM WI EI ML WM ER WH WS LR TR 
Production Cost (PC) 0 1 1 1 0 1 1 0 0 1 1 1 1 
Cutting Quality (CQ) 1 0 1 1 1 1 1 1 1 1 0 1 1 
Production Rate (PR) 1 1 0 1 1 1 1 0 0 1 1 1 1 
Process Management (PM) 1 1 1 0 1 1 1 1 1 1 1 1 1 
Water Intensity (WI) 0 1 0 0 0 1 0 1 1 0 0 0 0 
Energy Intensity (EI) 1 1 1 1 0 0 1 1 1 1 1 0 0 
Materials (ML) 1 1 1 1 1 1 0 1 1 1 1 0 1 
Waste Management (WM) 0 1 0 1 0 1 1 0 1 1 0 0 0 
Environmental Regulations (ER) 1 1 0 1 0 1 1 1 0 1 1 0 0 
Worker Health (WH) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Worker Safety (WS) 1 0 1 1 0 0 0 0 0 0 0 0 0 
Labor Relations (LR) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Training & Education (TR) 0 1 0 0 0 0 0 0 1 0 0 0 0 
 
Fig. 1 Relationship between Sustainable Manufacturing Parameters 
Table 6 presents some of the useful metrics for analyzing the network in detail. In order to keep the analysis simple, 
only those metrics have been used which identifies critical manufacturing parameters in each of the respective 
metrics. 
               Table 6: Metrics for Analyzing the Network 
Id Label In-Degree Out-Degree Betweenness Centrality 
1 Unit Production Cost (PC) 7 9 3.62 
2 Cutting Quality (CQ) 9 11 14.3 
3 Production rate (PR) 6 10 3.87 
4 Process Management (PM) 8 12 9.63 
5 Water Intensity (WI) 4 4 0.37 
6 Energy Intensity (EI) 8 9 3.93 
7 Materials (ML) 7 11 3.8 
8 Waste Management (WM) 6 6 0.75 
9 Environmental Regulations (ER) 7 8 6.2 
10 Worker Health (WH) 8 0 0 
11 Worker Safety (WS) 6 3 0.17 
12 Labour Relations (LR) 4 0 0 
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13 Training and Education (TR) 5 2 0.37 
Some of the important observations that can be inferred from the Table 6 are as follows: 
1. Cutting Quality has highest “In-Degree” value, which means that it has the tendency of getting highly 
influenced by other parameters. The overall distribution is as follows: 
CQ>PM=EI=WH>PC=ML=ER>PR=WM=WS>TR>WI=LR 
2. Process Management has highest “Out-Degree” value, which signifies that it has the highest tendency to 
influence other parameters. The overall distribution is as follows: 
PM>CQ=ML>PR>EI=PC>ER>WM>WI>WS>TR>WH=LR 
3. Cutting Quality has highest “Betweenness Centrality” value, which suggests that it is connecting various 
different parts of the network together and thus can be considered as the parameter of prime importance. The 
overall distribution is as follows: 
CQ>PM>ER>EI>PR>ML>PC>WM>WI=TR>WS>WH=LR 
4. Implications of Study 
1. The formation of groups through modularity analysis makes it possible to use network approach for visualizing 
practical problems. 
2. This approach helps in identifying the parameters, which are more critical for analyzing the practical problems 
thoroughly. 
3. Such a kind of analysis can be further utilized for studying dynamic relationships by inserting functions in the 
form of equations between different inter-related parameters so that changes in different inter-related 
parameters can be observed simultaneously by changing one parameter at a time. It thus helps in formulating 
policies as per the need of the time related to concerned parameters to enhance the sustainability of the 
organization. 
5. Conclusion 
Optimizing sustainability parameters such as production cost, cutting quality, environmental issues, worker health 
and safety issues etc. are very essential for competitive manufacturing. In order to optimize manufacturing 
processes, different parameters are adjusted in order to obtain desirable results. However, due to complex nature of 
the manufacturing processes and various interrelated effects of different parameters, it thus becomes difficult to 
monitor the changes in outcomes resulting from change in value of parameters. The aim of this research is to 
propose a graph-based approach in creating an expert system for analyzing the outcome of different parameter 
changes considering manufacturing system, which has been obtained by applying a simplified model based on inter-
relationships between different parameters. 
Regardless of this, considering two distinctive parameter groups obtained in the study helps in designing the 
manufacturing processes conclusively correlated being inter-dependent and having impact on each other. 
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